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Introduction
Dynamic changes in chromatin structure are directly infl  uenced 
by the posttranslational modifi  cations of the N-terminal histone 
tails (Luger and Richmond, 1998). Specifi  c amino acids within 
the tails are modifi  ed by phosphorylation, ubiquitination, ADP ribo-
sylation, acetylation, and methylation (Strahl and Allis, 2000; 
Zhang and Reinberg, 2001). Methylation of different lysine and 
arginine residues in histone H3 and H4 tails is associated with 
  actively transcribed or repressed chromatin (Fischle et al., 2003).
Histone H4 lysine 20 (K20) can be mono-, di-, or trimethyl-
ated. PR-Set7 is a histone methyltransferase that specifi  cally 
monomethylates histone H4K20 (Fang et al., 2002; Nishioka 
et al., 2002; Couture et al., 2005; Xiao et al., 2005). Trimethylation 
of the same lysine is controlled by other histone methyltransfer-
ases, Suv4-20h1, and Suv4-20h2 (Schotta et al., 2004). Coinci-
dent with the conservation of the H4K20 methyl modifi  cations 
in higher eukaryotes, both enzymes show substantial homology 
in species ranging from fl  ies to humans. A null mutation in 
Drosophila melanogaster PR-Set7 suppresses position effect varie-
gation, indicating that H4K20 methylation plays a role in silencing 
of gene expression (Karachentsev et al., 2005). Several observa-
tions suggest that PR-Set7–dependent methylation of H4K20 
also plays an important role in cell proliferation. In HeLa cells, 
expression of PR-Set7 increases during S phase and peaks at mi-
tosis (Rice et al., 2002). In D. melanogaster larvae, tissues with 
higher rates of cell divisions, such as imaginal discs, are severely 
affected by the depletion of PR-Set7. Homozygous PR-Set7 mu-
tant discs are smaller than wild type because they contain only 
 25% as many cells as wild type (Karachentsev et al., 2005).
Here, we investigated the function of PR-Set7–dependent 
methylation in more detail by studying the cell cycle in mutant 
neuroblasts. Neuroblasts are diploid, and their cell cycle progres-
sion has been well documented (Gatti and Baker, 1989). In the 
PR-Set7
20–null allele, used in the experiments described here, 
the PR-Set7 protein is missing from the fi  rst-instar larval stage 
onward, homozygous or hemizygous (PR-Set7
20/Df[3R]red31) 
animals survive until the larval/pupal transition, and the reduc-
tion of methylated H4K20 is only observed in late-stage larvae 
(Karachentsev et al., 2005).
In PR-Set7 mutant third-instar larval brains, monomethyl-
ated H4K20 was strongly reduced. We found that in the mutant 
brains, the mitotic index was reduced, progression through early 
mitosis was delayed, and cyclin B was reduced. The abnormali-
ties in mitotic progression and in the level of cyclin B were res-
cued when the DNA damage checkpoint was abolished, indicating 
that the DNA damage checkpoint is activated in PR-Set7.
Results
Monomethylated H4K20 is strongly 
reduced in PR-Set7 mutant brains
The organization of the third-instar larval brains used in all the 
experiments here is affected in the mutant (Fig. 1 a). The wild-type 
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brain hemispheres contain two rings with high rates of cell 
divisions, called the optic lobes. These regions are clearly dis-
or  ganized in both homozygous PR-Set7 and hemizygous 
PR-Set7/Df(3R)red31 larval brains (Fig. 1 a and not depicted).
We initiated our studies by determining whether histone 
H4K20 methylation is reduced in homozygous PR-Set7 brains. 
Western blots of mutant third-instar larval brain lysates showed 
that mono-, di-, and trimethylated H4K20 and total histone H4 
are reduced compared with wild type, when each value is nor-
malized to the value of lamin (Fig. 1 b and Table S1, available 
at http://www.jcb.org/cgi/content/full/jcb.200607178/DC1). 
However, when each value is normalized to the values of both 
histone H4 and lamin, monomethylated H4K20 is reduced to 
 26% of wild-type levels, whereas di- and trimethylation is 
only down <15% (Fig. 1 b, bottom; and Table S1). This result 
indicates that monomethylated H4K20 is strongly reduced in 
the mutant brains. The reason the histone H4 level was lower in 
the mutant extracts is not clear. Staining of neuroblasts with 
anti–monomethylated H4K20 antibody (anti-mono) gave simi-
lar results (Fig. 1 c).
Monomethylated H4K20 is uniformly 
distributed along mitotic chromosomes
We next observed the distribution of monomethylated H4K20 
during the cell cycle by staining wild-type neuroblasts. Anti-
mono staining was detected only on condensed DNA or 
chromosomes (Fig. S1, available at http://www.jcb.org/cgi/
content/full/jcb.200607178/DC1). Monomethylated H4K20 is 
fi  rst detected in cells in late G2-prophase at the very onset of DNA 
condensation and peaks at metaphase, similar to the detection of 
phosphorylated histone H3 Ser 10 (PH3), known to be associ-
ated with condensed DNA (Fig. 2, c–g; Hendzel et al., 1997). 
Interestingly, the monomethylation mark thought to be associ-
ated with repressed chromatin is not increased at the centromere 
region but distributed evenly along the chromosomes (Fig. 1 d).
Monomethylated H4K20 is present throughout the cell 
cycle in HeLa cells (Karachentsev et al., 2007) and is detected 
on polytene salivary gland chromosomes (Karachentsev et al., 
2005). Salivary gland cells undergo a modifi  ed cell cycle, lack-
ing G2 and M (Makunin et al., 2002). This staining therefore 
suggests that monomethylated H4K20 is also present in nonmi-
totic cells. It is likely that monomethylated H4K20 is present 
throughout the cell cycle and that it is not immunocytologically 
detectable until chromosome condensation concentrates the signal. 
Monomethyl mark may be uniformly distributed throughout the 
cell cycle and throughout the genome as detected on mitotic 
chromosomes (Fig. 1 d).
PR-Set7 neuroblasts show a delay in early 
mitotic stages
We studied the progression through mitosis of PR-Set7 neuro-
blasts to determine when the mutant cells have a defect. In wild 
type, the mitotic index (percentage of cells in mitosis) was 2.16%, 
and it was signifi  cantly reduced in PR-Set7 to 1.30% (P = 
2.75 × 10
−2; Fig. 2 a and Table S2, available at http://www.jcb.
org/cgi/content/full/jcb.200607178/DC1). To identify cells in 
the different mitotic stages, neuroblasts were stained with 
both anti-PH3 and anti–α-tubulin antibodies. We considered 
Figure 1.  Monomethylated H4K20 is strongly reduced in 
PR-Set7 brains. (a) Wild-type (WT) and PR-Set7/PR-Set7 third-
  instar larval brains were stained with Hoechst. The two stron-
gly staining rings (dense nuclei) observed in wild type are the 
optic lobes. (b) Western blots of extracts from wild-type and 
PR-Set7/PR-Set7 third-instar larval brains probed with anti–mono-, 
anti–di-, and anti–trimethylated H4K20 (mono-, di-, and tri-me), 
anti–histone H4, and anti-lamin antibodies. The intensity 
of the bands was quantiﬁ  ed by ImageJ, and the value of 
mono-, di-, or trimethylated H4K20 was normalized to the 
values of both histone H4 and lamin (see Table S1, available 
at http://www.jcb.org/cgi/content/full/jcb.200607178/
DC1). The graph shows the ratio of PR-Set7/PR-Set7 mutant to 
wild-type values. Error bars show two SDs (n = 3). (c) Neuro-
blasts were costained with anti–monomethylated H4K20 
(mono-me; red) and anti-PH3 antibodies (green). DNA was 
stained with Hoechst (blue). (d) Monomethylated H4K20 (red) 
is distributed all along the chromosomes. Bars: (a) 100 μm; 
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cells in prophase if they were positive for PH3 staining and 
showed interphase-like organization of microtubules without 
visible asters. As shown in Fig. 2 b (Table S3), both PR-Set7 
and PR-Set7/Df(3R)red31 had a fourfold higher frequency of 
cells in prophase (PR-Set7, 42.5%; PR-Set7/Df(3R)red31, 
41.0%) than wild type (10.3%) and a correspondingly lower 
frequency of cells in the other mitotic phases. After a 1-h treat-
ment with colchicine the mitotic index in the PR-Set7 mutant 
increased 2.7-fold (Fig. 2 a and Table S2), indicating that the spin-
dle assembly checkpoint is not disrupted in PR-Set7. However, 
with cholchicine, the ratio of prophase and prometaphase cells 
in the mutant was still high (wild type, 2.6%; PR-Set7, 43.6%; 
Fig. S2 a). These results show that the mutant cells are delayed 
in early mitotic stages.
In wild type, the PH3 signal appears at prophase (Fig. 
2 c), increases with chromosome condensation (Fig. 2, d–f), and 
covers the entire chromosomes at late prometaphase (Fig. 2 g). 
The formation of mitotic spindles always correlates with both 
PH3 staining and chromosome condensation, and two asters are 
observed before the PH3 signal covers the entire chromosome 
(Fig. 2 e). However, in PR-Set7, the PH3 signal covered most of 
the chromatin before the asters appeared (Fig. 2, h–k). In wild 
type, 79% of prophase cells showed no chromosome conden-
sation, as shown in Fig. 2 c (see also Fig. S2 b), whereas in 
PR-Set7, most of the prophase cells (65%) had condensed DNA 
(or chromosomes), as shown in Fig. 2 (h–k). These results indi-
cate that nuclear and cytoplasmic events, namely, chromosome 
condensation and spindle formation, are uncoupled in PR-Set7. 
These events may keep mutant cells from entering metaphase or 
from chromosome separation.
Cyclin B is down-regulated in PR-Set7 
by anaphase-promoting complex/cyclosome 
(APC/C)–dependent proteolysis
The PR-Set7 phenotypes described so far could be caused by 
the failure to accumulate mitotic cyclins. It has been well estab-
lished that accumulation of mitotic cyclins and the activation of 
the Cdk–cyclin complexes are essential for entry into mitosis 
and formation of mitotic spindles (Zachariae and Nasmyth, 
1999; Lopes et al., 2005). We therefore examined cyclin A and 
B protein levels by Western blotting and found that cyclin B was 
reduced in PR-Set7, whereas cyclin A was present at normal 
levels (Fig. 3 a). In D. melanogaster, the expression pattern of 
cyclin A is similar to cyclin B, and both accumulate during G2 
(Knoblich and Lehner, 1993). Because the cyclin A protein 
level was not reduced in the mutant, the lower mitotic index ob-
served in the mutant does not explain the reduction of cyclin B. 
We also found that the cyclin B protein level was still down-
regulated in the mutant when the mitotic index was increased 
after a 1-h colchicine treatment (Fig. 2 a and not depicted). 
Figure 2.  PR-Set7/PR-Set7 neuroblasts show a delay in 
early mitotic stages. (a) Mitotic indexes of wild type (WT) 
and PR-Set7/PR-Set7 before and after incubation with colchi-
cine for 1 h. The mitotic index was determined as the num-
ber of PH3-positive cells over the total number of cells (see 
Table S2, available at http://www.jcb.org/cgi/content/full/
jcb.200607178/DC1). (b) Quantiﬁ  cation of mitotic parame-
ters in wild-type (n = 272), PR-Set7
20/PR-Set7
20 (n = 275), 
PR-Set7
20/Df(3R)red31 ( n  = 363), mei-41
D3/mei-41
D3;PR-
Set7
20/PR-Set7
20 ( n  = 365), and mei-41
D3/mei-41
D3 ( n  = 
404) neuroblasts. We considered cells in prophase if they 
were positive for PH3 staining and showed interphase-like 
organization of microtubules without visible asters. Percent-
age was deﬁ  ned as the number of mitotic cells at a speciﬁ  c 
stage over total number of mitotic cells (Table S3). (c–k) Cells 
were costained with anti-PH3 antibody (red), Hoechst (blue), 
and anti–α-tubulin antibody (green). Wild-type prophase 
(c and d), wild-type prometaphase (e–g), and typical prophase 
ﬁ  gures observed in PR-Set7 (h–k) are shown. Bar, 5 μm.JCB • VOLUME 176 • NUMBER 2 • 2007  158
To investigate whether the low level of cyclin B was controlled 
at the transcriptional level, we measured mRNA levels of cyclin 
A and B by quantitative real-time PCR. Both mRNAs showed 
similar reductions in the mutant compared with wild type (Fig. 
3 b), probably because of the lower mitotic index, indicating 
that the reduction of the mRNA level does not fully explain the 
reduction of cyclin B protein. The APC/C subunit cdc27 is re-
quired for the degradation of cyclin B in D. melanogaster (Deak 
et al., 2003). Hence, we made double-homozygous PR-Set7 and 
cdc27 mutants and found that the cyclin B level recovered in the 
double mutant (Fig. 3 a). These results indicate that the reduc-
tion of cyclin B in PR-Set7 is mediated by the APC/C proteoly-
sis and is not regulated at the transcriptional level.
Monomethylation of histone H4K20 
is essential for proper chromosome 
condensation
Mitotic stages other than prophase also showed abnormalities in 
PR-Set7 neuroblasts. Many prometaphase fi  gures had irregular 
chromosomes (Fig. S2, c and g). Although most metaphase fi  g-
ures looked surprisingly normal in the mutant (Fig. S2, d and h), 
a large proportion of PR-Set7 anaphase and telophase fi  gures 
contain lagging chromatids (40.9%; Fig. 4 c and Fig. S2, e, f, i, 
and j), raising the possibility that PR-Set7 has a defect in chro-
mosome condensation.
We next looked at the morphology of metaphase chromo-
somes in wild-type and PR-Set7 brains (Fig. 4 a). We focused 
on the length and width of chromosomes and boundaries be-
tween sister chromatids to assess whether chromosome conden-
sation is affected in the mutant. Chromosome fi  gures  were 
subdivided into categories I–IV, depending on phenotypes. 
Most of the wild-type chromosomes (85.7%) had clearly de-
fi   ned sister chromatids (normal chromosomes, category I). 
97.3% of mutant chromosomes displayed aberrant morphology. 
17.9% of chromosomes were thinner and longer than category I 
chromosomes and showed vaguely defi  ned sister chromatids 
(category II). In 53.8%, the sister chromatids are not well de-
fi  ned enough to be apparent (category III). Other chromosomes 
(25.6%) were entangled (category IV). All these observations 
point to a defect in chromosome condensation in the mutant.
We also prepared chromosome spreads after a 1-h colchi-
cine treatment and hypotonic shock to better defi  ne the degree 
of chromosome condensation (Fig. 4 b). Most of the wild-type 
Figure 3.  Cyclin B is down-regulated in PR-Set7 by APC/C-dependent 
proteolysis. (a) Western blots of extracts from wild-type (WT), homozygous 
PR-Set7, and double-homozygous PR-Set7,cdc27 third-instar larval brains 
were probed with anti–cyclin B, anti–cyclin A, and anti-lamin antibodies. 
(b) Cyclin A and cyclin B mRNA levels in wild type and PR-Set7/PR-Set7 
were measured by quantitative real-time PCR and normalized to the level 
of rp-49 mRNA. Total RNA was isolated twice independently, and each 
RNA was measured twice at different dilutions. The graph shows the ratio 
of PR-Set7 mutant values to wild type. Error bars show two SDs (n = 4).
Figure 4.  Most of the PR-Set7/PR-Set7 chromosomes show a defect in 
chromosome condensation. (a) Representative ﬁ  gures of metaphase chro-
mosomes were assigned to distinct categories, with I showing chromo-
somes with normal morphology and II–IV representing categories of 
abnormal chromosomes. The histogram shows the percentage of ﬁ  gures in 
each category (wild type [WT], n = 28; PR-Set7/PR-Set7, n = 39). At least 
four brains were quantiﬁ  ed for each genotype. Bar, 5 μm. (b) Chromo-
some spreads with hypotonic treatment after a 1-h colchicine treatment. 
Mitotic chromosomes were deﬁ   ned by staining of PH3. Representative 
chromosome ﬁ  gures are shown in categories I (normal) and II–IV (abnor-
mal). The histogram shows the percentage of ﬁ  gures in each category (wild 
type, n = 55; PR-Set7/PR-Set7, n = 64). At least three brains were quan-
tiﬁ   ed for each genotype. Bar, 5 μm. (c) Frequency of anaphase and 
telophase cells containing lagging chromatids (wild type, n  = 63; 
PR-Set7/PR-Set7, n = 44; mei-41
D3/mei-41
D3;PR-Set7/PR-Set7; n = 49; 
mei-41
D3/mei-41
D3,  n  = 48). At least four brains were quantiﬁ  ed  for 
each genotype. (d) The DNA contents of wild-type and PR-Set7/PR-Set7 
  nuclei were measured by a laser-scanning cytometer, iCys (CompuCyte 
Corp.). In the mutant, some cells with less DNA than 2n (arrow) 
were detected.HISTONE METHYLATION AND DNA DAMAGE CHECKPOINT • SAKAGUCHI AND STEWARD 159
chromosomes (92.7%) showed clearly defi  ned sister chromatids 
as expected (category I). 60.9% of the mutant chromosomes 
were strikingly abnormal, considerably longer and thinner than 
wild type, and showed no defi  ned sister chromatids (category II). 
10.9% of mutant chromosomes were longer and thicker and 
lost the sister chromatid borders, similar to what is observed in 
category III in Fig. 4 a. Because the length of mutant chromo-
somes in category IV (17.2%) is similar to normal chromosomes 
(category I), some mutant chromosomes seem to complete 
chromosome axis shortening but still have an obvious defect in 
defi  ning sister chromatids. The simplest explanation of these 
results is that the PR-Set7–dependent monomethylation of 
H4K20 is required for proper chromosome condensation. We 
found that despite the abnormal chromosome organization, the 
mutant chromosomes contain the condensin component Barren 
(the fl  y orthologue of XCAP-H) and DNA topoisomerase II, 
both important for chromosome architecture (Sakaguchi and 
Kikuchi, 2004; Yu et al., 2004; Fig. S3, available at http://www.
jcb.org/cgi/content/full/jcb.200607178/DC1).
To determine whether the abnormal chromosome conden-
sation and separation in the mutant results in polyploidy, we 
measured the DNA content of wild-type and mutant brain cells 
using a laser-scanning cytometer (Darzynkiewicz et al., 1999), 
and found that the number of polyploid cells was not increased 
in the mutant (Fig. 4 d). In the cytometer analysis, we noticed 
some cells with less DNA than 2n in PR-Set7 (Fig. 4 d, arrow). 
We investigated whether apoptotic cells are increased in the 
mutant by TUNEL and found that positive cells were not signif-
icantly increased in the mutant (wild type, 40/5,012, and PR-
Set7/PR-Set7, 56/4,056; P = 0.108).
DNA damage checkpoint is activated 
in PR-Set7
The observed abnormalities in cell cycle progression and 
the reduction of cyclin B protein levels mediated by APC/C-
  dependent proteolysis in PR-Set7 led us to hypothesize that 
the DNA damage checkpoint is activated. We also checked 
the S phase index (percentage of cells in S phase) in PR-
Set7 and found that it was signifi  cantly reduced (P = 2.82 × 
10
−2; Fig. 5 a and Table S4, available at http://www.jcb.org/
cgi/content/full/jcb.200607178/DC1).
To investigate whether these phenotypes are caused by 
the activation of the DNA damage checkpoint, we made a homo-
zygous double mutant of PR-Set7 and the D. melanogaster 
ATR orthologue mei-41 (mei-41
D3/mei-41
D3;PR-Set7
20/PR-Set7
20), 
essential for the DNA damage checkpoint (Hari et al., 1995; 
O’Connell et al., 2000; Song, 2005). The mei-41
D3 allele used 
here has a defect in the checkpoint, allowing cells with 
  damaged DNA to enter mitosis (Hari et al., 1995). In the 
mei-41
D3;PR-Set7
20 double mutant, the mitotic index was res-
cued, similar to that observed in wild type and the homozygous 
mei-41
D3 mutant (Fig. 5 b and Table S2). The number of pro-
phase cells was reduced compared with the number observed 
in PR-Set7 homozygotes and became similar to wild type and 
mei-41
D3/mei-41
D3 (Fig. 2 b and Table S3), and the “uncou-
pled cells” observed in PR-Set7 (Fig. 2, h–k) disappeared (not 
depicted). These results indicate that the abnormalities of mitotic 
progression in PR-Set7 are rescued in the double mutant. The 
S phase index in the mei-41
D3/mei-41
D3 is increased 2.4-fold 
compared with wild type, suggesting that the mei-41
D3 mutant 
has a defect in DNA replication (Fig. 5 a and Table S4). There-
fore, we cannot determine whether the decrease of the S phase 
index in PR-Set7 is rescued in the double-homozygous mei-
41
D3;PR-Set7
20 mutant.
The protein levels of cyclin B also recovered in the dou-
ble-homozygous mei-41
D3;PR-Set7
20 mutant (Fig. 5 c). To con-
fi  rm this result, we also made a homozygous double mutant of 
PR-Set7 and another allele of mei-41, also affecting the G2/M 
checkpoint, mei-41
D5 (mei-41
D5/mei-41
D5;PR-Set7
20/PR-Set7
20; 
Laurencon et al., 2003). Further, we constructed a double mu-
tant with PR-Set7 and the D. melanogaster Chk1 orthologue grp 
(grp
fsA4/grp
fsA4;PR-Set7
20/PR-Set7
20). The grp gene functions 
downstream of mei-41, and mutants in both genes have similar 
phenotypes (Sibon et al., 1999; Song, 2005). On Western blots 
of brain extracts of both double mutants, monomethylated 
H4K20 is not detected, similar to the PR-Set7 extract, but the 
cyclin B protein levels are rescued (Fig. 5 d). These results show 
that in PR-Set7, the DNA damage checkpoint, especially the 
ATR pathway, is activated and that this activation is responsible 
for the down-regulation of cyclin B and the abnormal mitotic 
progression. These results also suggest that a specifi  c mecha-
nism exists in D. melanogaster that down-regulates cyclin B 
through APC/C proteolysis in response to DNA damage.
The ratio of anaphase/telophase cells with lagging chro-
matids was increased when the checkpoint was abolished in the 
Figure 5.  The DNA damage checkpoint is activated in PR-Set7.  (a) 
S phase indexes of wild type (WT), PR-Set7/PR-Set7, mei-41
D3/mei-41
D3;
PR-Set7/PR-Set7, and mei-41
D3/mei-41
D3 (see Table S4, available at 
http://www.jcb.org/cgi/content/full/jcb.200607178/DC1). (b) Mitotic in-
dexes of wild type, PR-Set7/PR-Set7, mei-41
D3/mei-41
D3;PR-Set7/PR-Set7, 
and mei-41
D3/mei-41
D3 (Table S2). (c) Western blots of extracts from wild-
type,  PR-Set7/PR-Set7, and mei-41
D3/mei-41
D3;PR-Set7/PR-Set7 third-instar 
larval brains were probed with anti–cyclin B and anti-lamin antibodies. 
(d) Western blots of extracts from wild-type, PR-Set7/PR-Set7, mei-41
D5/
mei-41
D5;PR-Set7/PR-Set7, and grp
fsA4/grp
fsA4;PR-Set7/PR-Set7 third-instar 
larval brains were probed with anti–cyclin B, anti-lamin and anti–
monomethylated H4K20 (mono-me) antibodies. Two different extracts 
from mei-41
D5/mei-41
D5;PR-Set7/PR-Set7 were used.JCB • VOLUME 176 • NUMBER 2 • 2007  160
double-homozygous mei-41;PR-Set7 mutant (Fig. 4 c), indicat-
ing that the defect in chromosome condensation is independent 
of checkpoint activation and that, in the absence of the check-
point, the severity of the chromosome condensation defect 
is enhanced.
DNA double-strand breaks (DSBs) are not 
increased in PR-Set7
Because we found that the DNA damage checkpoint is activated 
in PR-Set7, we investigated whether DNA DSBs are increased 
in the mutant. We stained cells with anti–phosphorylated his-
tone H2Av (PH2Av) antibody. Like H2A.X, H2Av, an essential 
fl  y histone variant, becomes phosphorylated at sites of DSBs by 
DNA damage recognizing factors (Madigan et al., 2002). Thus, 
PH2Av is well established as a marker for DSBs. We found that 
the PH2Av-positive cells were not signifi  cantly increased in the 
mutant (P = 0.145), indicating that endogenous DSBs do not 
occur in PR-Set7 (Fig. 6 a). To confi  rm that the PR-Set7 cells 
react normally to DNA damage, we irradiated both wild-type 
and mutant brains with x-ray and found that the PH2AV stain-
ing increased in both (Fig. 6 a). Further, after γ-irradiation PH3-
positive mitotic cells were drastically decreased in the mutant 
(Fig. 6 b), similar to what was shown in wild type (Hari et al., 
1995), indicating that the PR-Set7 cells react in similar ways as 
wild-type cells to γ-irradiation. We conclude that DSBs are not 
increased in PR-Set7.
Discussion
What activates the DNA damage checkpoint in PR-Set7? His-
tone methylation has been thought to control gene expression 
by packaging DNA into open and closed chromatin. PR-Set7 
indeed suppresses position effect variegation, indicating that it 
functions as a transcriptional suppressor (Karachentsev et al., 
2005). However, abnormal regulation of gene expression in 
PR-Set7 does not explain the activation of the checkpoint. Because 
the mutation in mei-41 (ATR) abolished the phenotypes caused 
by the activated checkpoint in PR-Set7, the expression of genes 
downstream of mei-41 is apparently unchanged in PR-Set7. 
Furthermore, ATR is one of the proteins that initiate checkpoint 
signaling and localize to sites of DNA damage, suggesting that 
the ATR protein is directly activated by DNA damage (Vidanes 
et al., 2005). Also, we showed that the DNA repair pathway 
 after  γ-irradiation was activated in PR-Set7; PH2Av staining is 
increased and the number of mitotic cells is decreased, similar 
to what is observed in wild type (Fig. 6; Hari et al., 1995). 
Collectively, our results indicate that the expression of genes 
involved in the DNA damage checkpoint is normal in PR-Set7 
and that control of gene expression is not involved in activation 
of the checkpoint.
We observed reduction of both S phase and mitotic 
indexes in the mutant (Fig. 5, a and b), suggesting that both G1 
and G2 checkpoints are activated. Because the mutant shows 
many defects in chromosome condensation and separation (Fig. 
4, a, b, and c), these defects could be one of the reasons the G1 
checkpoint is activated after mitosis. What activates the G2 
checkpoint? Because DSBs are not increased in the mutant (Fig. 
6 a), they cannot be cause for G2 checkpoint activation. Several 
checkpoints appear to exist in mammalian cells that monitor 
chromatin structure as well as DSBs. A decatenation checkpoint 
that monitors chromatid decatenation has been demonstrated in 
human cells, with progression from G2 to mitosis being inhib-
ited when chromatids are insuffi  ciently decatenated (Deming 
et al., 2001). Furthermore, in mammalian cells, ATM (DNA 
damage checkpoint kinase) activation is not necessarily depen-
dent on direct binding to DSBs but may result from changes in 
the structure of chromatin (Bakkenist and Kastan, 2003). As in 
mammalian cells, abnormal higher order structure of DNA or 
chromatin may activate the DNA damage checkpoint, as observed 
in PR-Set7. We therefore hypothesize that monomethylated 
Figure 6.  Endogenous DNA DSBs are not increased in PR-
Set7 mutant. (a) Cells before and 15 min after γ-irradiation 
treatment (2000 rad) were stained with anti-PH2Av (red) as a 
maker for DNA DSBs and Hoechst (blue). Bar, 50 μm. (b) The 
PR-Set7 mutant brains before and 15 min after γ-irradiation 
treatment (2000 rad) were stained with anti-PH3 (green) and 
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H4K20 is involved in the maintenance of proper higher order 
structure of DNA or proper chromatin structure.
Crystal structural analysis showed that K20 is not part of 
the N-terminal tail of histone H4, like other sites of methylation 
(e.g., histone H3 lysine 9; Luger et al., 1997). K20 lies close to 
the histone-fold domain and is covered by DNA. The results in 
Schizosaccharomyces pombe agree with the crystal structure. It 
has been proposed that methylated H4K20 lies normally inside 
the DNA and that it is exposed only when DSBs occur, creating 
a binding site for Crb2 (Sanders et al., 2004). The structural 
analysis further showed that H4K20 makes an interparticle con-
tact with an H2A-H2B dimer (Davey et al., 2002), suggesting 
that H4K20 could be involved in the maintenance of proper his-
tone structure. In Saccharomyces cerevisiae, the loss of acetyla-
tion of H3 lysine 56 affects nucleosome structure (Masumoto 
et al., 2005). H3 lysine 56 is also close to the histone-fold 
  domain and weakens histone–DNA interactions (Luger et al., 
1997). Like acetylation of H3 lysine 56, monomethylation of 
H4K20 may affect nucleosome structure.
We showed that the loss of monomethylated H4K20 acti-
vates the DNA damage checkpoint, which may be induced by 
abnormal higher order structure of DNA or abnormal chroma-
tin structure in the absence of DSBs. The abnormal DNA or 
chromatin structure probably causes the abnormal mitotic chromo-
somes observed in PR-Set7. Our results suggest that monometh-
ylation of H4K20 has a more global effect on chromatin 
structure than described so far.
Materials and methods
Fly strains
The  w1118 stock was used as the wild-type control. Homozygous 
PR-Set7
20 larvae were recognized by the absence of the TM3 Sb GFP 
  balancer (Karachentsev et al., 2005). Df(3R)red31,  Cdc27
l(3)L7123, and 
mei-41
D5 were obtained from the Bloomington Stock Center. mei-41
D3 
(Hari et al., 1995) and grp
fsA4 (Sibon et al., 1999) were obtained from 
K. McKim (Rutgers University, Piscataway, NJ) and W.E. Theurkauf (University 
of Massachusetts Medical School, Worcester, MA), respectively.
Immunoblotting
Brains were dissected, and immunoblotting was performed as previously 
described (Karachentsev et al., 2005). Rabbit polyclonal anti-monomethyl-
ated, anti-dimethylated, anti-trimethylated, and histone H4 antibodies 
(Upstate Biotechnology) were used at 1:1,000 dilution (Schotta et al., 2004). 
Rabbit polyclonal anti-lamin obtained from P.A. Fisher (State University of 
New York, Stony Brook, Stony Brook, NY) was used at 1:1,000. Mouse 
monoclonal anti–cyclin B antibody, F2F4 (Developmental Studies Hybrid-
oma Bank), and anti–cyclin A antibody, A12 (Developmental Studies 
  Hybridoma Bank), were used at 1:200.
Cytology and microscopy
Third-instar larval brains were dissected, ﬁ  xed, and stained as previously 
described (Bonaccorsi et al., 2000). Whenever required, brains were dis-
sected in PBS and incubated in 10 μM colchicine (Sigma-Aldrich) for 1 h 
before ﬁ  xation. Rabbit polyclonal anti-monomethylated (Upstate Biotech-
nology) and mouse monoclonal anti-PH3 antibody (Upstate Biotechnology) 
were used at 1:200 dilution. Rabbit polyclonal anti-PH3 antibody (Upstate 
Biotechnology) was used at 1:1,000. Anti–α-tubulin conjugated with FITC 
(Sigma-Aldrich) was used at 1:50. Rabbit polyclonal anti–PH2Av (Ser139) 
antibody (Upstate Biotechnology) was used at 1:250. Rabbit polyclonal 
anti-Barren antibody was obtained from H. Bellen (Baylor College of Medi-
cine, Houston, TX) and used at 1:50, and mouse monoclonal anti-Top2 anti-
body was obtained from A. Kikuchi (Nagoya University, Nagoya, Japan) 
and used at 1:5. Secondary antibodies were Cy3-conjugated goat anti–
rabbit or anti–mouse (Jackson ImmunoResearch Laboratories) used at 1:500 
and Alexa Fluor 489 goat anti–mouse or Alexa Fluor 488 donkey anti–rabbit 
(Invitrogen) used at 1:400. For TUNEL assay, ﬁ  xed cells were incubated 
with TUNEL enzyme (Roche) for 1 h, and the Alexa Fluor 488 Signal-
  Ampliﬁ  cation kit (Invitrogen) was used for detection of the signals. The samples 
were mounted in Vectashield (Vector Laboratories), and Immersol 518F 
(Carl Zeiss MicroImaging, Inc.) was used as the imaging medium. Immuno-
stained preparations were studied using a microscope (Axioplan 2; Carl 
Zeiss MicroImaging, Inc.) with a 63× Plan-Apochromat NA 1.4 and 100× 
and a 40× Plan-Neoﬂ   uar NA 1.3 objective lenses (room temperature) 
equipped with a digital camera (SensiCam; Cooke Corp.). Digital images 
were collected using the Image Pro Plus imaging software (MediaCyber-
netics). To measure the DNA content, we stained brain cells with DAPI and 
used a laser-scanning cytometer, iCys (CompuCyte Corp.; Darzynkiewicz 
et al., 1999).
BrdU incorporation
Brains were dissected and incubated for 45 min in serum-free Schneider’s 
insect medium containing 100 μg/ml BrdU. They were rinsed three times 
in PBS, ﬁ  xed, and stained with the mouse monoclonal anti-BrdU antibody 
(1:100 dilution; Becton Dickinson) as previously described (Savvidou 
et al., 2005).
Chromosome preparation with hypotonic treatment
After a 1-h treatment with colchicine, brains were incubated for 3 min in 
0.5% trisodium citrate for hypotonic shock. They were then ﬁ  xed and stained 
with rabbit polyclonal anti-PH3 antibody to identify mitotic chromosomes.
Irradiation experiments
Third-instar larvae were transferred to yeast paste-supplemented agar 
plates and irradiated with 2000 rad of x-rays. After 15 min, the brains 
were dissected, squashed, and stained.
Online supplemental material
Fig. S1 shows that monomethylated H4K20 is detected only on condensed 
DNA or chromosomes. Fig. S2 shows typical mitotic ﬁ  gures in PR-Set7. Fig. 
S3 shows that PR-Set7 chromosomes contain the condensin component 
Barren and Top2. Table S1 shows the numbers behind the graph shown in 
Fig. 1 b. Table S1 shows the ratio of intensity of the bands from PR-Set7/
PR-Set7 relative to wild type in Fig. 1 b. Tables S2 and S3 show mitotic 
  index and parameters in squashed brains of wild type, PR-Set7/
PR-Set7, mei-41/mei-41;PR-Set7/PR-Set7, and mei-41/mei-41 and PR-Set7/
Df(3R)red31, respectively. Table S4 shows S phase index in squashed 
brains of wild type, PR-Set7/PR-Set7,  mei-41/mei-41;PR-Set7/PR-Set7, 
and  mei-41/mei-41. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200607178/DC1.
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